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Open access under the EIn this work the parameters of Low Temperature Conversion – LTC were applied in a centrifuged sludge
from a sewage treatment plant located in Rio de Janeiro, Brazil. Before the conversion, the sludge was
dried and analyzed by TGA to observe its behavior with increasing temperature. The chemical composi-
tion of the crude pyrolysis oil was analyzed by FTIR, 1H NMR and GC–MS. The results showed that the oil
is a mixture of hydrocarbons, oxygenated and nitrogenated compounds. Using a catalytic treatment it
was possible to fractionate the oil where the predominant constituents were hydrocarbons showing that
the cracking was effective. An important result was the difference between the caloriﬁc value of dry
sludge (10 MJ kg1), the pyrolysis oil (36 MJ kg1) and one of the fractions separated by catalytic cracking
(40 MJ kg1) when compared with commercial diesel (45 MJ kg1).
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction rate of 0.25 C s1; residence time of the solid inside the reactorTechnologies for thermochemical conversion of biomasses
(Radlein, 1999; Mohan et al., 2006; Goyal et al., 2008; Demirbas
and Arin, 2002) or organic residues to obtain fuels have been
receiving increasing interest from the scientiﬁc community, gov-
ernments and industry. This source of renewable energy has the
potential to replace petroleum fuels and as a result offers beneﬁts
to many countries. In this context, pyrolysis and gasiﬁcation ap-
pear as the most promising technologies of the thermochemical
conversion (Bahng et al., 2009; Bridgwater et al., 1989, 2003).
Sewage sludge that constitutes a problem to the environment
could be used as a good raw material in pyrolysis process. These
residues have been treated for a long time by land ﬁlling, land
application and incineration and in all cases there are problems
with pollution of the soil or air.
Several works are being done concerning the search for new
alternatives for the destination of these materials. One of these is
microwave that has been used to produce bio-oil from sewage
sludge (Tiana et al., 2011). An other process is pyrolysis in
ﬂuidized-bed used as a good option for different residues (Caoa
et al., 2011) including sewage sludge destination (Lu et al., 1995;
Menendez et al., 2002a,b; Thipkhunthod et al., 2007; Park et al.,
2010). The process has been considered environment friendly.
The Low Temperature Conversion (LTC) works in operating con-
ditions of slow pyrolysis: temperature range 380–420 C; heating.
omeiro).
lsevier OA license.1.5 h and N2 atmosphere (Bayer and Kutubuddin, 1987). The pyro-
lytic char generated during the process has been studied as solid
fuel in industrial furnaces; soil remediation in agriculture; in mix-
tures with other materials in constructions and as activated carbon
in some cases. The pyrolysis oil is a mixture of hydrocarbons, oxy-
genated and nitrogenated organic compounds. Therefore, the
chemical composition of oil depends on the composition of bio-
mass (cellulose, hemicellulose, lignin and mineral contents) or res-
idue, from which it is produced and the parameters used during
pyrolysis (Zhang et al., 2007).
In order to increase the properties of the oil fraction, several
works has been developed using catalytic treatment (Heoa et al.,
2011).
The pyrolysis oil speciﬁed by Pyrolysis Liquid Biofuel (ASTM
D7544 – 09) can be used as fuel in industrial furnaces or industrial
boilers. The ﬁrst aim of this work was to use the parameters of LTC
to obtain the pyrolysis oil from centrifuged sludge. The second was
to treat thermically and catalytically to improve the quality of the
oil composition, in relation to hydrocarbons contents, so that it can
be used as a renewable fuel instead of the uses ﬁxed by the ASTM
D7544 – 09.2. Methods
2.1. Pyrolysis process (Low Temperature Conversion – LTC)
Sludge samples were dried at 105 C in an oven for 24 h until
they reached a constant weight. The conversions were carried
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oven; a temperature controller; suppliers N2; cylindrical tube of
boron-silicate glass (dimensions 1.40 cm  10 mm); a condenser;
a funnel (500 mL) and gas scrubbers (Romeiro et al., 2000,
2009a–c).
The pyrolysis experiments were performed with samples of
500 g of sludge. The sample was introduced into the cylindrical
tube and ﬁxed in the center with portions of glass wool. The tube
was then placed inside the reactor and coupled to the condensing
system. To obtain an inert atmosphere, nitrogen was passed at
room temperature across the tube with a ﬂow rate of 0.5 L min1
for at least 10 min. After this time the heating was initiated at a
rate of 15 C min1 to the set temperature of 380 C and remained
at this temperature until complete conversion, approximately
1.5 h. The conversion products are drawn to the region of conden-
sation, with cooling in the range of 5–15 C. The non-condensed
phase is directed to the gas cleaning system consisting of three
washing bottles containing a solution of NaHCO3 10% (m/v), NaOH
10% (m/v) and solution HCl 10% (v/v) to remove acidic and basic
vapors present in this fraction. The condensable phase, consisting
of two fractions: aqueous (water pyrolysis) and organic (pyrolysis
oil), was collected in the funnel and isolated by density difference.
After cooling down the pyrolytic char was removed and stored.
2.2. Pyrolysis oil
Fractional distillations were carried out using Vigreux column
(10 cm and inner diameter of 1 cm) and condenser system, at
atmospheric pressure or reduced pressure and zeolite, 1% (m/m),
as catalyst.
2.3. Analytical methods
For thermogravimetric analysis (TGA) a thermal analyzer model
STA 409PC, Netzsch brand, was used. A thermal analyzer consists
of a set of analytical thermobalance, an oven, a gas system and a
system of data collection. The temperature sensor was calibrated
with indium metal patterns (mp 156.6 C), tin (mp 231.9 C) and
zinc (mp 419.6 C). The balance was assessed using standard cal-
cium oxalate which presents percentages of known mass loss. In
the analysis of thermal characterization of samples of sludge and
pyrolysis oil crucibles of alumina (Al2O3) with capacity of 85 lL
were used. The sludge sample was analyzed under conditions sim-
ilar to the processing of LTC: initial temperature of 35–450 C at a
heating rate of 15 C min1 followed by isotherm at this tempera-
ture for 20 min and nitrogen was the carrier gas in ﬂow rate
50 mL min1. The analysis of the pyrolysis oil was performed in a
dynamic way, from an ambient temperature to 1000 C and at a
rate of 15 C min1 in an inert atmosphere (N2, 50 mL min1) and
in an oxidative atmosphere (air, 50 mL min1).
The FTIR spectra were measured on a Perkin Elmer 1420 and
Magna – 560 Nicolet using polystyrene as reference.
The proton NMR data (1H NMR) using tetramethylsilane as
internal standard were obtained in a Varian-Unity Plus 300
spectrometer.
Analyses byGC–MSwere performed on aGC–MS system (Shima-
dzu GC-2010 QP-2010 high performance quadrupole, Japan) under
the following instrumental conditions: (i) capillary column DB-
5MS (length 20 m; internal diameter: 0.18 mm, ﬁlm: 0.18 lm); (ii)
injector mode and temperature: split, 280 C; (iii) ion source:
250 C; (iv) transfer line: 300 C; (v) ionization mode: electron
impact (70 eV), scan range: 40–600 l. Two different column oven
programs, developed by our group, based on the method used for
diesel oil, were used: (1) 40 C (5 min), 40–100 C (2 C min1),
100–300 C (8 C min1), 300–320 C (8 C min1), 320 C
(10 min); (2) 60–300 C (5 C min1), 300 C (20 min). Samples of1–3 mL were prepared in a ratio of 1:100 and injected for analysis.
Themass spectra were obtained using as reference themass spectra
of the Library NIST 27 and 147, considering a similarity over 90%.
The caloriﬁc value was determined according to ASTM D-4809
using a calorimetric bomb containing oxygen under pressure. After
the combustion gross caloriﬁc value was determined by varying
the temperature.3. Results and discussion
3.1. Before pyrolysis
Before the pyrolysis, the sludge was submitted to thermogravi-
metric analysis simulating the LTC conditions to observe the
behavior of the sludge with increasing temperature as happens in-
side the pyrolysis reactor. Fig. 1 shows the TGA curve, the deriva-
tive curve DTG and the temperature curve.
The TGA curve shows mass loss when the sludge is heated and
the DTG curve helps to deﬁne the beginning and the end of each
event of loss of mass. At the beginning of the heating it can be said
that there is a distillation, with the loss of light fractions and H2O.
Most mass loss occurs between 185 and 440 C, where the DTG
curve indicated a larger slower mass loss. During the isothermal
little mass was lost.
Adding up all the losses of masses, in N2 atmosphere, it was
observed that the loss of total sample mass of sludge was about
34%. Thus, the residual material was 66%. After 20 min of the iso-
therm, the sample air was introduced and there was the burning
of 17% of the waste material. With this, it can be said that 17% of
sludge is transformed into organic material, which burns with
the air intake. After air intake, 47% of the residual material is prob-
ably inorganic.3.2. After pyrolysis
The sludge showed water content of 52%. Therefore, this step of
drying the sludge is very important before the LTC process because
this percentage of humidity can interfere with the results in rela-
tion to the composition of the pyrolysis oil.
In this work the results of eight experiments were considered
and the average relative concentrations of the conversions prod-
ucts were: oil – 7.1%; char – 68.7%; gas – 11.7% and water – 12.0%.
Before the pyrolysis oil treatment, a thermogravimetric analysis
(in inert and oxidizing atmosphere) was carried out to evaluate the
behavior of this oil as a function of temperature. In Fig. 2, there is
the TG curve (black curve) and the DTG curve (red curve) in an in-
ert atmosphere (N2) of the pyrolysis oil.
The ﬁrst mass loss occurs at 100 C with maximum speed loss at
120 C (8.4%). This loss is due to release of volatile material. Then, a
second more intense mass loss occurs, starting around 220 C with
maximum speed of loss at 300 C. From 220 to 450 C the oil sam-
ple lost by pyrolysis was 83.9%. From this temperature up to
1000 C a small loss of 6.2% was observed. The mass of residual
oil was 1.4%.
The analysis in oxidizing atmosphere (air), Fig. 3, shows that the
ﬁrst mass loss occurs at 106–143 C (8.5%). Then a second mass
loss 143–382 C occurs with maximum speed of loss at 294 C
(60.6%). Of 382–540 C the oil sample lost 19.1%. From this temper-
ature up to 1000 C a small loss of 10.9% is observed. The mass of
residual oil was 0.84%.
Comparing the curves in an inert and oxidant atmosphere, the
ﬁrst curve occurs with three losses in mass, while the second with
four.
Signiﬁcant absorptions in the FTIR spectra of the pyrolysis oil
were observed: 3352 cm1 (axial deformation of OH and/or NH
Fig. 1. The thermogravimetric TG (black) and derivative DTG (green) curves of the sludge sample (10 mg) in N2 (50 mL min1) in the rate of 15 C min1 up to 450 C and
isotherm for 20 min. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 2. The termogravimetric TG and derivative DTG curves of pyrolysis oil (10 mg)
in N2 (50 mL min1) in the rate of 15 C min1.
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mation of C–H aliphatic); 1708 and 1669 cm1 (axial deformation
of C=O); 1459 and 1378 cm1 (angular deformation of CH3 and
CH2) and 1270 cm1 (axial deformation of C–O).
The 1H NMR data of the pyrolysis oil showed the signals with
chemical shifts between 0.5 and 1.5 ppm relative to aliphatic
hydrogens, between 5.2 and 5.5 ppm, correspondent to olephinic
compounds and the aromatic region at 7.1–7.4 ppm.
With the intention of improving the quality of the pyrolysis oil
in relation to the hydrocarbons content the distillation without
(Case A) and with catalysis (Case B) was done.
In the Case A, the pyrolysis oil (50 mL equivalent to 48.6084 g)
was submitted to a simple distillation, without catalyst, under
atmospheric pressure. Two fractions were obtained, the ﬁrst (F1)
in the range of 60–87 C (18.8%) and the second (F2) in the range
of 85–100 C (3.9%); which represent 22.8% of the total mass of
pyrolysis oil. These fractions showed color, odor and viscosity to-
tally different when compared with the crude pyrolysis oil. The
residual oil (77.2%) could not be cracked at atmospheric pressure
and then the system was connected to a vacuum pump
(100 mmHg and then 70 mmHg) to perform the distillation.The TGA analysis of the pyrolysis oil showed that this oil can be
cracked, leaving an amount of residue of only 0.84% and 1.39%,
while the atmospheres used were air and nitrogen, respectively.
As in air, the pyrolysis oil has a mass loss with increasing temper-
ature; this indicates that the heating used was inefﬁcient.
The fractions were analyzed by GC–MS and the results obtained
for F1 are shown in Table 1. The GC–MS data showed that the F1 is
composed mostly of hydrocarbons; approximately 65.4% are aro-
matic (C7–C10) and 20.7% aliphatic (C10–C21). Other compounds ob-
served were 11.4% of nitrogenated and 2.5% of oxygenated.
The results obtained for F2 are shown in Table 2. The GC–MS
showed that the F2 is composed mostly of hydrocarbons (C7–C20),
out of these; approximately 44.3% are aromatic hydrocarbons
(C7–C11) and 41.1% aliphatic (C10–C17) and 14.6% of nitrogenated
compounds.
In the Case B, to perform the catalytic treatment 1% (m/m) of
catalyst (zeolite) was used from the beginning of distillation and
a volume of 50 mL of pyrolysis oil. Three fractions were obtained:
Fraction F3 – temperature range 70–97 C (9.4%); Fraction F4 –
temperature range 150–215 C (14.0%); Fraction F5 – temperature
range 210–290 C (36.0%) and residue 34.8%.
The three liquid fractions were analyzed by GC–MS. The results
for the F3 are shown in Table 3. The F3 showed a relative compo-
sition of 68.13% aliphatic hydrocarbons, 19.42% aromatic hydrocar-
bons, 10.77% nitrogenated and 1.68% of oxygenated compounds.
The results for the F4 are shown in Table 4. The fraction F4
showed a relative composition of 57.21% aliphatic hydrocarbons,
15.54% aromatic hydrocarbons, 18.83% nitrogenated and 8.42%
oxygenated compounds.
The results for the F5 obtained from the catalytic treatment are
shown in Table 5 and the relative composition was 50.65% ali-
phatic hydrocarbons, 4.47% aromatic hydrocarbons, 39.0% nitro-
genated and 5.88% oxygenated.
When the compositions of the three fractions, shown in Table 6,
are compared, a predominance of hydrocarbons compounds is
observed.
The pyrolysis oil is a mixture of functions involving: hydrocar-
bons; oxygenated and nitrogenated compounds. In this work
Fig. 3. The termogravimetric TG and derivative DTG curves of the pyrolysis oil (10 mg) in air (50 mL min1) in the rate of 15 C min1.
Table 1
Compounds identiﬁed and yield (area%) by GC–MS of F1.
Compounds rt Area (%)
Aliphatic hydrocarbons
1 Decane 14.967 3.26
2 2-Methyldecane 19.475 0.55
3 Undec-1-ene 21.450 2.35
4 Undecane 22.100 4.11
5 (E)-tridec-3-ene 28.853 0.14
6 Tridecane 29.208 2.70
7 2,6-Dimethylundecane 30.050 0.70
8 2-Methyldodecane 33.567 0.44
9 (Z)-tridec-3-ene 35.433 1.04
10 Tetradecane 35.917 1.64
11 2,6,10-Trimethyldodecane 38.792 0.18
12 Pentadec-3-ene 39.300 0.44
13 Pentadecane 39.525 0.94
14 Hexadecane 41.833 0.66
15 Octadecane 43.658 0.25
16 Nonadecane 45.233 0.12
17 Eicosane 45.242 0.07
18 Heneicosane 45.633 0.24
Total 19.83
Aromatic hydrocarbons
1 Toluene 3.292 5.24
2 Ethylbenzene 6.500 13.82
3 Styrene 8.092 32.84
4 (1-Methylethyl)-benzene 9.750 6.01
5 Propylbenzene 11.525 2.40
6 Alpha-methylstyrene 13.475 11.51
7 Buthylbenzene 18.483 2.24
Total 74.06
Nytrogenated
1 Pyrrole 3.075 1.42
2 3-Methyl-1H- pyrrole 3.125 3.13
Total 4.55
Oxygenated
1 2-Ethylhexan-1-ol 17.175 1.56
Total 1.56
rt: retention time.
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and nitrogenated compounds leading to hydrocarbons as mainconstituent. An analysis was done of the hydrocarbons content in
the range of C8–C12 and C13–C24 of the F3 to F5. The results were:
F3 (C8–C12) 30% and (C13–C24) 4%; F4 (C8–C12) 12% and (C13–C24)
35%; F5 (C8–C12) 1% and (C13–C24) 45%. It is observed that the frac-
tion F3 approaches a constitution of gasoline and F4 and F5 of
diesel.
Comparing the two methods of treatment of pyrolysis oil,
thermal and thermocathalitic, it can be said that the fractions
with the use of a catalyst are rich in aliphatic hydrocarbons
while the fractions obtained without a catalyst are rich in aro-
matics. The aromatic compounds in petroleum fuels are consid-
ered impurities because they contribute to the formation of
particles in the engine. Furthermore, the reduction of the con-
centration of aromatics decreases CO2 emissions and increases
efﬁciency of combustion. Therefore, the use of the catalyst was
crucial to obtain fractions with qualities comparable to petro-
leum-based fuels. In addition, with catalysis all the oil was
cracked, the same did not happen with the oil that was sub-
jected to treatment without catalysis (thermal).
The sludge and pyrolysis oil were also analyzed relatively to cal-
oriﬁc value and the results were: sludge (10 MJ kg1); pyrolysis oil
(36 MJ kg1) and F5 (40 MJ kg1). The caloriﬁc value of a fuel is
expressed by the amount of heat produced by combustion per unit
mass of this product. For the sludge to be classiﬁed as alternative
solid fuel, the caloriﬁc value should be greater than 7 MJ kg1. The
value found for the sludge is within the considerable range as an
energy source.
The value found for the pyrolysis oil was approximately three
times larger than the PCS found for dry sludge, this justiﬁes the
thermal conversion of sludge to produce a fuel with higher energy
value. However, as mentioned earlier, the direct use of oil as an
alternative fuel is not feasible due to some characteristic properties
of pyrolysis oils such as high viscosity and instability, among oth-
ers. Another option would be to prepare mixtures of oil obtained
by LTC with commercial diesel, as was done with oils from other
biomasses used by our group.
The caloriﬁc value found for F5 obtained by catalytic treatment
of pyrolysis oil is a considerable range of energy source, compara-
ble to diesel fuel that has caloriﬁc power of 45 MJ kg1, and ethanol
Table 2
Compounds identiﬁed and yield (area%) by GC–MS of F2.
Compounds rt Area (%)
Aliphatic hydrocarbons
1 Decane 11.717 2.50
2 Undec-1-ene 17.342 3.40
3 Undecane 17.917 4.54
4 2-Methylundecane 22.125 0.86
5 Dodecane 24.583 4.28
6 (Z)-dodec-2-ene 24.875 0.52
7 2,6-Dimethylundecane 25.392 1.32
8 2-Methyldodecane 28.792 0.88
9 Tridec-1-ene 30.600 2.67
10 Tridecane 31.058 3.74
11 2-Methyltridecane 33.508 0.90
12 Tetradec-1-ene 34.342 1.19
13 Tetradecane 34.575 2.77
14 2,6,10-Trimethyldodecane 36.000 0.44
15 Pentadec-1-ene 36.683 0.83
16 Pentadecane 36.850 1.72
17 Hexadec-1-ene 38.533 0.30
18 Hexadecane 38.667 0.67
19 2,6,10,14-Tetramethylpentadecane 39.417 0.15
20 Heptadecane 40.242 0.28
21 Eicos-1-ene 41.583 0.07
Total 34.03
Aromatic hydrocarbons
1 Toluene 3.067 3.43
2 Ethylbenzene 5.342 4.57
3 1,3-Dimethylbenzene 5.642 1.20
4 Styrene 6.458 13.86
5 1-Methylethylbenzene 7.700 4.75
6 Propylbenzene 9.058 2.44
7 Alpha-methylstyrene 10.657 9.01
8 Butylbenzene 14.775 2.60
9 Penthylbenzene 21.267 2.23
Total 44.09
Nytrogenated
1 Pentanenitrile 3.258 0.60
2 2-Methylpyridine 4.075 3.92
3 Methylpyrazine 4.325 0.65
4 4-Methylpentanenitrile 4.917 5.28
5 Hexanenitrile 6.075 2.02
6 2-Ethylpyridine 6.858 0.65
7 2,6-Dimethylpyrazine 7.317 0.59
8 2,4-dimethylpyridine 7.792 0.37
9 Benzylnitrile 20.217 2.27
10 Nonanenitrile 23.392 1.25
Total 17.60
Oxygenated
1 2-Ethylhexan-1-ol 13.575 4.28
Total 4.28
rt: retention time.
Table 3
Compounds identiﬁed by GC–MS of F3 from the catalytic treatment of pyrolysis oil
with 1% (w/w) catalyst.
Compounds rt Area (%)
Aliphatic hydrocarbons
1 Oct-1-ene 3.483 4.70
2 Octane 3.683 9.64
3 (E)-oct-2-ene 3.808 2.04
4 (Z)-oct-2-ene 3.992 0.98
5 Non-1-ene 6.425 4.63
6 Nonane 6.783 11.56
7 (E)-non-2-ene 6.992 2.09
8 (Z)-non-2-ene 7.292 1.48
9 (E)-nona-1,3-diene 7.842 0.83
10 (E,E)-nona-2,4-diene 9.250 0.57
11 Dec-1-ene 11.158 3.33
12 Decane 11.692 8.23
13 (E)-dec-2-ene 11.975 1.63
14 (Z)-dec-1-ene 12.383 0.75
15 Undec-1-ene 17.267 2.12
16 Undecane 17.850 4.61
17 1-Pentyl-2-propylcyclepropane 18.158 1.12
18 Dodec-1-ene 23.900 0.86
19 Dodecane 24.492 2.11
20 (Z)-dodec-2-ene 24.817 0.33
21 (E)-dodec-3-ene 25.325 0.17
22 Tridec-1-ene 30.517 0.42
23 Tridecane 30.983 1.22
24 Tetradec-7-ene 34.142 0.11
25 Tetradec-1-ene 34.308 0.83
26 Tetradecane 34.535 0.08
27 (E)-tetradec-5-ene 34.658 0.08
28 Pentadec-1-ene 36.658 0.15
29 Pentadecane 36.817 0.81
30 Hexadecane 38.642 0.24
31 Heptadec-8-ene 39.958 0.18
Total 68.13
Aromatic hydrocarbons
1 Toluene 3.017 3.13
2 Ethylbenzene 5.300 7.72
3 1,3-Dimethylbenzene 5.583 0.88
4 Propylbenzene 9.000 2.33
5 1-Ethyl-3-methylbenzene 9.375 0.68
6 1-Ethyl-2-methylbenzene 10.217 0.93
7 1-Ethenyl-2-methylbenzene 12.942 0.48
8 Butylbenzene 14.700 1.95
9 Pentylbenzene 21.200 0.93
10 (1,2-Dimethylpropyl)-benzene 21.692 0.39
Total 19.42
Nytrogenated
1 Pentanenitrile 3.208 1.47
2 2-Methylpyridine 4.042 0.75
3 4-Methylpentanenitrile 4.825 5.16
4 Hexanenitrile 5.958 1.21
5 Heptanenitrile 10.500 1.00
6 Octanenitrile 16.567 0.79
7 Nonanenitrile 23.242 0.20
8 Tetradecanenitrile 42.992 0.19
Total 10.77
Oxygenated
1 Phenol 10.775 0.95
2 Undecan-1-ol 31.208 0.13
3 Pentadecan-1-ol 35.658 0.09
4 Hexadecanoic acid methyl Ester 43.308 0.28
5 Octadeca-8,11-dienoic acid methyl ester 45.350 0.23
Total 1.68
rt: retention time.
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using catalyst is promising.
These fractions, or even the process, must go through improve-
ments to reduce the substances that are considered impurities
such as nitrogen and aromatics. It is also essential to do tests on
engines to adjust the quality and applicability of this fraction as
a renewable fuel.4. Conclusions
The treatment of pyrolysis oil achieved satisfactory results with
the catalytic treatment. The fractions obtained are predominantly
aliphatic hydrocarbons. The lighter fraction proﬁle is close to gas
while the heavier fraction proﬁles are close to the commercial
diesel.The pyrolysis oil has a high caloriﬁc value, 36 MJ kg1 and
40 MJ kg1 for the fraction obtained by catalytic treatment, which
is four times higher than the one obtained from the dried sludge
(10 MJ kg1). However, the pyrolysis oil has characteristics that
prevent its direct use as a renewable fuel.
Table 4
Compounds identiﬁed by GC–MS of F4 from the catalytic treatment of pyrolysis oil
with 1% (w/w) catalyst.
Compounds rt Area (%)
Aliphatic hydrocarbons
1 Oct-1-ene 3.475 0.05
2 (E)-oct-2-ene 3.808 0.07
3 Cyclocta-1,3,5,7-tetraene 6.350 0.68
4 Decane 11.667 1.90
5 1-Undecene 17.283 2.80
6 Undecane 17.875 5.28
7 1-Pentyl-2-propylcyclepropane 18.175 1.90
8 1-Butyl-2-propylcyclepentane 23.742 0.31
9 Dodec-1-ene 23.933 2.61
10 (E)-dodec-3-ene 24.192 0.71
11 Dodecane 24.542 6.21
12 (Z)-dodec-2-ene 24.833 1.17
13 Tridec-7-ene 30.283 0.35
14 Tridec-1-ene 30.533 2.01
15 Tridecene 31.025 6.00
16 (Z)-tridec-2-ene 31.225 0.70
17 (E)-tridec-2-ene 31.608 0.44
18 Heptylcyclehexane 32.600 0.13
19 Decylcyclepentane 32.717 0.33
20 Tetradec-1-ene 34.317 1.89
21 3-(E)-tetradecene 34.400 0.18
22 Tetradecane 34.558 5.38
23 Nonylcyclepentane 35.658 0.60
24 Pentadec-1-ene 36.517 0.72
25 (Z)-pentadec-7-ene 36.592 0.12
26 Pentadecane 36.842 6.04
27 (E)-pentadec-5-ene 36.917 0.46
28 (E)-pentadec-9-ene 37.100 0.35
29 Pentadecylcyclehexane 37.775 0.36
30 Hexadec-1-ene 38.517 0.53
31 Hexadecane 38.650 2.01
32 Heptadec-8-ene 39.867 1.37
33 (Z)-heptadec-3-ene 39.967 1.52
34 Heptadec-1-ene 40.117 0.32
35 Heptadecane 40.225 1.71
Total 57.21
Aromatic hydrocarbons
1 Toluene 3.033 0.64
2 Ethylbenzene 5.283 0.42
3 Propylbenzene 9.008 1.11
4 1-Ethyl-3-methylbenzene 9.375 0.40
5 1-Ethyl-2-methylbenzene 10.217 0.57
6 1,2,3-Trimethylbenzene 11.075 0.13
7 1-Ethenyl-2-methylbenzene 12.958 0.96
8 Butylbenzene 14.725 3.72
9 1-Methyl-4-propylbenzene 15.217 0.45
10 Pentylbenzene 21.242 2.79
11 (1,2-Dimethylpropyl)-benzene 21.717 1.44
12 Hexylbenzene 28.017 0.94
13 (1,3-dimethylbutyl)-benzene 28.325 1.07
14 Heptylbenzene 33.275 0.54
15 1-methyl-2-hexylbenzene 33.358 0.36
Total 15.54
Nitrogenated
1 2-Methylpiridine 4.067 0.58
2 Methylpyrazine 4.300 0.31
3 4-Methylpentanenitrile 4.817 3.29
4 Hexanenitrile 5.958 0.93
5 2,6-Dimethylpyrazine 7.242 0.87
6 Ethylpyrazine 7.367 0.09
7 2,5-Dimethyl-1H-pyrrole 7.717 0.74
8 3-Ethyl-1H- pyrrole 7.850 0.79
9 2,4-Dimethylpyridine 7.958 0.56
10 5-Methylhexanenitrile 8.775 0.50
11 Heptanenitrile 10.542 1.96
12 2,4,6-Trimethylpyridine 11.383 0.12
13 Indan 13.225 0.24
14 Octanenitrile 16.650 3.40
15 Nonanenitrile 23.292 0.99
16 Benzenepropanenitrile 26.642 1.05
17 Decanenitrile 30.042 0.54
Table 4 (continued)
Compounds rt Area (%)
18 Indole 30.142 0.61
19 Tetradecanenitrile 42.992 1.26
Total 18.83
Oxygenated
1 Phenol 10.892 6.94
2 2,3-Dimethyl-1-one-2-cyclepentene 13.517 0.30
3 2-Methylphenol 15.075 0.91
4 2-Ethylphenol 20.442 0.14
5 Hexadecanoic acid methyl ester 43.308 0.13
Total 8.42
rt: retention time.
Table 5
Compounds identiﬁed by GC–MS of F5 from the catalytic treatment of pyrolysis oil
with 1% (w/w) catalyst.
Compounds rt Area (%)
Alyphatic hydrocarbons
1 Oct-1-ene 3.475 0.03
2 Octane 3.667 0.12
3 (E)-oct-2-ene 3.808 0.04
4 Oct-2-ene 3.992 0.02
5 Cycleocta-1,3,5,7-tetraene 6.358 0.05
6 Nonane 6.758 0.09
7 Decane 11.658 0.09
8 Dodecane 24.508 0.64
9 Tridec-1-ene 30.567 0.75
10 Tridecane 31.042 1.86
11 Tetradec-1-ene 34.350 1.42
12 Tetradecane 34.592 4.46
13 Decylcyclepentane 35.692 0.79
14 Pentadec-1-ene 36.700 1.73
15 Pentadecane 36.883 5.87
16 Pentadecylcyclehexane 37.817 1.15
17 Hexadec-1-ene 38.558 1.52
18 Hexadecane 38.700 5.58
19 Heptadec-3-ene 39.914 5.46
20 Heptadec-8-ene 40.021 7.00
21 Heptadecane 40.288 8.27
22 Octadec-1-ene 41.600 0.60
23 Octadecane 41.700 2.15
24 Eicosane 44.283 0.57
25 Heneicosane 46.617 0.22
26 Docosane 47.708 0.17
Total 50.65
Aromatic hydrocarbons
1 Toluene 3.033 0.41
2 Ethylbenzene 5.292 0.09
3 Butylbenzene 14.700 0.37
4 Pentylbenzene 21.225 0.95
5 Hexylbenzene 28.058 0.70
6 (1,3-Dimethylbutyl)benzene 28.367 0.66
7 (1,2-Dimethylpropyl) benzene 21.708 0.28
8 Heptylbenzene 33.308 0.52
9 1-Methyl-2-hexylbenzene 33.400 0.49
Total 4.47
Nitrogenated
1 Pentanenitrile 3.217 0.03
2 3-Methyl-1H-pyrrole 4.658 0.14
3 4-Methyl-pentanenitrile 4.808 0.30
4 Hexanenitrile 5.967 0.06
5 2,5-Dimethyl-1H-pyrrole 7.717 0.07
6 3-Ethyl-1H-pyrrole 7.842 0.16
7 2,3-Dimethyl-1H-pyridine 7.967 0.06
8 Heptanenitrile 10.525 0.34
9 2,3,4-Trimethylpyrrole 13.717 0.08
10 Benzylnitrile 20.142 0.98
11 Nonanenitrile 23.350 1.39
12 Decanenitrile 30.117 0.88
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Table 6
Composition of fractions obtained by catalytic treatment of pyrolysis oil with 1%
(w/w) catalyst.
Compounds Relative concentration (%)
F3 (70–
97 C)
F4 (150–
215 C)
F5 (210–
290 C)
Aliphatic hydrocarbons – alkanes (C8–
C21); oleﬁns (C8–C19)
68.13 57.21 50.65
Aromatic hydrocarbons (C7–C13) 19.42 15.54 4.47
Nitrogenated (C5–C17) 10.77 18.83 39.0
Oxygenated (C11–C19) 1.68 8.42 5.88
Table 5 (continued)
Compounds rt Area (%)
13 Indole 30.400 3.74
14 3-Methyl-1H-indole 34.033 1.23
15 Undecanenitrile 34.192 1.16
16 Dodecanenitrile 36.625 0.41
17 Pentadecanenitrile 43.097 18.74
18 Hexadecanenitrile 45.592 6.26
19 Hexadecaneamide 46.408 1.20
20 (Z)-octadec-9-eneamide 48.358 0.58
21 (E)-octadec-9-eneamide 48.433 0.60
22 Octadecaneamide 48.633 0.29
23 1-(6-Methyl-1-oxooctadecyl)pyrrolidine 50.550 0.30
Total 39.00
Oxygenated
1 Nonan-1-ol 6.425 0.04
2 Phenol 10.892 4.13
3 2,3-Dimethyl-2-cyclepenten-1-one 13.533 0.08
4 2-Methyl-phenol 15.133 1.11
5 Hexadecanoic acid methyl ester 43.342 0.52
Total 5.88
rt: retention time.
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